2 in an array of materials from bulk magnets [7] [8] [9] [10] to thin films [11] [12] [13] [14] [15] [16] [17] [18] [19] and have been shown to be stable under several physical mechanisms [19] [20] [21] [22] [23] . The most heavily studied mechanism to stabilize skyrmions is the Dzyaloshinskii-Moriya (DM) interaction arising in non-centrosymmetric magnetic materials or thin films with asymmetric heavy metal interface [7] [8] [9] [10] [11] [12] [13] [14] . However, topologically similar spin structures can be stabilized by the competition of long-range dipolar energy in a thin film geometry and domain wall energy [16] [17] [18] [19] , a mechanism by which magnetic stripes and bubbles form [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Commonly a chiral magnetic bubble is termed a dipole stabilized skyrmion given the resemblance to a Bloch-type DM interaction skyrmion [2, [17] [18] [19] . Given these chiral bubbles form under the application of a perpendicular magnetic field they are said to be extrinsically stable [5] . Both these class of topologically protected magnetic features are interesting and there are numerous examples of materials showing them, however, there is a limited understanding of the basic magnetic energetics required to favor their formation. These chiral bubbles or dipole-stabilized skyrmions present a test-bed to explore how the balance of ferromagnetic exchange, anisotropy and dipolar energy results in cylindrical-like domains that are topologically non-trivial.
In this work we explore the formation of dipole-stabilized skyrmions and skyrmion lattices in amorphous Fe/Gd multilayers, with the focus on developing predictive properties that can result in the stabilization of chiral textures. Through thickness, alloy composition and temperature dependent studies of various Fe/Gd films, we find we can control the skyrmion lattice, in temperature and applied magnetic fields, by tuning the material properties of the multilayer structure. This tunability allows us to investigate the skyrmion sensitivity to material properties to manifest ordered and disordered skyrmions. By comparing experimental findings with micromagnetic modeling we show the skyrmion-lattice phase appears for a parameter space with a combination of relatively low perpendicular magnetic anisotropy (~2-4x10 5 ergs/cm 3 ), low magnetic moment (~350-500 emu/cm 3 ), low exchange interaction (~5x10 -7 ergs/cm), and thick films (>40 nm). Our results provide a guideline of magnetic properties required to stabilize these spin textures in thin-film ferromagnets and ferrimagnets.
The Fe/Gd films we have studied consist of multilayer deposited structures of Fe and Gd thin films (each layer <0.4nm) which are antiferromagnetic coupled forming a ferrimagnet. By appropriately choosing the thickness of the layers and the deposition conditions the films develop PMA [39] [40] . In general, favorable conditions for the observation of perpendicular magnetic 3 domains requires the uniaxial anisotropy K U be greater than the shape anisotropy 2"# $ % where the ratio of these parameters is defined as a material's Q-factor [25] . For our films, the Q-ratio are less than 1 but by increasing the number of bilayer repetitions (i.e. the total film thickness) results in a transition from in-plane magnetization to the formation of perpendicular magnetic domains [41] [42] [43] [44] [45] . We will first show Lorentz transmission electron microscopy (TEM), resonant soft x-ray scattering and full-field transmission X-ray microscopy to confirm the presence of skyrmions and skyrmion lattices in our films and determine the sensitivity of the skyrmion formation to the temperature, applied magnetic field range and film thickness. We will then quantify the materials parameters of our films and compare the experimental results to micromagnetic simulations.
II. Methods.
The Fe/Gd specimens are sputter deposited at room temperature in a UHV environment under a 3mTorr Argon environment. To grow the film structures, we alternatively deposit Fe and
Gd layers of a specific thickness, and continue process until achieving multilayer with the desired number of layers. Films have a seed/capping layer of Ta 5nm to protect the films from corrosion.
Samples are deposited on a range of different substrate for magnetic and imaging characterization, including 50nm and 200nm SiN membranes and Si substrate with a native oxide layer.
The field and temperature dependence of the magnetic domain morphology is imaged using a variety of techniques, which include: (i) Lorentz TEM using an FEI Titan in Lorentz mode equipped with an image aberration corrector, (ii) soft x-ray scattering (SXS) at the Gd M 5 (1198eV) absorption edge and Fe L 3 (708eV) absorption edge at Beam-line 12.0.2 Advanced Light Source, Berkeley National Lab and (iii) full-field transmission X-ray microscopy along the Fe L 3 (708eV)
absorption edge performed at Beam-line 6.1.2 Advanced Light Source, Berkeley National Lab.
Magnetic hysteresis measurements were characterized using a Quantum Design PPMS cryostat with vibrating sample magnetometer and a magneto-optical kerr effect magnetometer. The ferromagnetic resonance measurements were performed using a custom probe that affixes a coplanar waveguide at one end and can be inserted into a Quantum Design PPMS for temperature and d.c. magnetic field H dc probing. The r.f. field h rf lies in the plane to magnetic film specimen and H dc is transverse to the coplanar waveguide. The ferromagnetic resonance is extracted from the reflection coefficients of scattering parameters using an Agilent PVNA E8363B in field-swept mode.
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III. Results
A. Skyrmion lattice formation at room temperature. that have a periodicity of ~124 nm (Fig. 1a) and random in-plane order. The images reveal the inplane magnetization orientation averaged over the thickness of the magnetic domains through variations of darkness/brightness intensity, and domain walls are evidenced by strong and sharp dark/bright contrast changes. Analysis of over/under-focused Lorentz TEM images using the transport-of-intensity equation [46, 47] allows us to determine the projected in-plane magnetic induction, shown as a color map in Fig. 1b . Here, the color indicates the direction of the magnetic induction with respect to the color-wheel insert; in a similar fashion, the color intensity details the magnitude of the magnetic induction. The images show that the stripe domains are separated by Bloch walls (Fig. 1b) where the in-plane moment of the walls is parallel to the stripes. This arrangement is more clearly observable in the enlarged image (Fig. 1c) detailing the enclosed region of Figs. 1a and 1b, where both the color and vector maps detail the direction of the Bloch wall. Since the films are relatively thick and no DMI is anticipated a Bloch-like domain structure is expected. As will be discussed below there are likely closure domains (e.g. Néel caps) at the top and bottom of the films [48] . Evidence of closure domains will not be visible in these images since the orientation of these domains at the top and bottom of the films are opposite in direction and will average to zero in Lorentz TEM images.
As a magnetic field is applied, perpendicular to the film (Figs. 1d and 1e ), the stripes with magnetization parallel to the field grow at the expense of domains opposite to the field. We observe that the stripe domains whose magnetization is opposite to the field begin to collapse into cylindrical domains (Figs. 1d and e). Since the Bloch-line continuously wraps around the cylindrical domain it is defined as a skyrmion with winding number S = 1 [2, 3] . If the Bloch-line wraps continuously in a clockwise fashion then it has helicity γ =-π/2, whereas if the Bloch-line wraps counter-clockwise direction it has helicity γ =+π/2 [2] . At H z = 1450 Oe, the skyrmions have 5 a diameter of ~71nm and their size does not vary significantly from initial formation to annihilation. The enclosed/enlarged region, detailed by red boxes in Figs. 1d and 1e, shows the extremities of a stripe domain collapsing into a skyrmion (Fig. 1f) , as well as, as the color/vector map representation of the magnetic textures enclosed. At this magnetic field strength, the domain morphology consists of a combination of disordered stripe domains and skyrmions (Figs. 1c and   1d ). As the magnetic field is further increased, the entire film fills with dipole skyrmions with an equal population of the two possible helicities (Figs. 1g and 1h ). The two different helicities (S =1, γ = ±π/2) appear as dark and light cylindrical textures in Fig. 1g and they arrange into a weaklyordered hexagonal lattice (Figs. 1g and 1h ). This skyrmion lattice is stable for a wide range of magnetic fields spanning from 1700 to 2400 Oe. By increasing the magnetic field further, the skyrmion lattice dissociates into a disordered isolated skyrmion state where these textures begin to collapse as the film reaches magnetic saturation (Figs. 1j and 1k) .
B. Temperature dependence of the skyrmion phase.
Using a combination of real and reciprocal space imaging techniques we explored the dependence on temperature and applied magnetic fields that result in the formation of the skyrmion phase for two Fe-Gd compositions. From scattering patterns obtained by means of resonant soft xray scattering, see Supplementary Section A, we identified four regions emphasizing long-range ordered magnetic states including: (i) disordered stripe domains, (ii) a stripe-to-skyrmion transition, (iii) a skyrmion lattice and (iv) uniform magnetization. Then using images obtained from Lorentz TEM and transmission soft x-ray microscopy we supplemented our findings in the magnetic phase map. From real-space images, we identified an additional region detailing (v) disordered skyrmions that occurs after the skyrmion lattice dissociates. Since disordered skyrmions do not have any long-range order, this region is not easily determined in scattering experiments. Figure 2 summarizes the various magnetic domain configurations observed when an applied field, perpendicular to the film applied from zero-field to magnetic saturation at detailed temperatures from 300K to 50K. We find that the [Fe (0.34 nm) /Gd (0.4nm)]x80 multilayer exhibits a similar domain morphology, as previously described with Lorentz TEM, with a skyrmion lattice that extends from room temperature to 220K for a wide range of applied magnetic fields ( Fig. 2a) . At temperatures where no skyrmion phase exists, the Fe/Gd film primarily exhibits disordered stripe domains. In the case we modify the Fe-content of the Fe/Gd structure to [Fe 6 (0.36nm) /Gd (0.4nm)]x80, we find a similar broad skyrmion phase that is shifted to lower temperatures, spanning a temperature window from 180K to 100K (Fig. 2b) [42, 43] .
When examining the field-dependence of the domain morphology by means of transmission soft x-ray microscopy measured at the Fe L 3 (708eV) absorption edge we verified that N=40 film does not show any perpendicular magnetic domains while the N=80 and N=120
repeat films exhibited both stripe and skyrmion magnetic domain textures consistent with Fig. 1 .
The [Fe (0.34nm)/ Gd(0.41nm)] x80 film exhibits stripe domains at zero applied field where the contrast is sensitive to the out-of-plane magnetization (unlike Lorentz TEM which is sensitive to the in-plane magnetization) (Fig. 3a) . Here domains with magnetization parallel/anti-parallel to the perpendicular direction appear as dark/white textures. The presence of a small remanent inplane magnetic field in the measurement causes the stripe domains to align in the direction of this field. With a modest out-of-plane field (H z = 500, 625 Oe), we observe the stripes begin to pinch into cylindrical textures that occupy the same physical space of the original stripe ( Fig. 3b-c ). At this field there is a near equal population of stripes and aligned cylindrical domains. When the field is further increased (H z = 750 Oe), we find all the stripes have pinched into aligned cylindrical textures that do not arrange into a close packing lattice (Fig. 3d ). As the field is further increased, the cylindrical domains dissipate ( Fig. 3d ) and we are left with the cylindrical textures that first formed ( Fig. 3b-c ). This suggests that we observe two different magnetic domains as a which can also be stabilized in Fe/Gd films as a result of applying a fixed in-plane field and then applying a perpendicular magnetic field.
The thickest film studied, [Fe (0.34nm)/Gd(0.41nm)] x120 , showed disordered stripe domains (white domains) and dumbbell domains (dark domains) at zero-field. Here the remanent in-plane field is insufficient to cause the stripes to order, as observed previously. When a perpendicular field is applied, the dumbbell domains begin to merge to form disordered stripes ( Fig. 3h ) and by H z =750 Oe the stripes with magnetization opposite to the field begin to collapse into skyrmions (Fig. 3i) . By slightly increasing the field again, all the stripes have collapsed into skyrmions and these have arranged into a weakly coupled hexagonal lattice which spans from H z = 800 Oe to 2500 Oe ( Fig. 3j-l) . We find the skyrmions have a diameter of ~70nm and that the size does not vary significantly from their initial formation to annihilation. The variation of film thickness, clearly demonstrates that skyrmions, like bubbles, require a specific ratio of magnetic properties ad film thickness for these magnetic textures to become favorable [25, 27] .
D. Magnetic and ferromagnetic resonance properties.
To 4a , b) while a modest decrease of the intrinsic perpendicular anisotropy is observed with decreasing temperature (Fig. 4d ). This atypical temperature dependence of the intrinsic anisotropy has been previously reported for RE-rich Fe/Gd films with a small bilayer periodicity t Fe + t Gd ≤ 1.4nm (the Fe/Gd films detailed in this work have a period < 0.8nm) [50, 51] . The increase in anisotropy with increasing Fe layer thickness is observed in a series of films and appears to be a general feature of the Fe/Gd system. We have further indicated in Fig. 4 the regions in temperature where we observe the skyrmion lattice phase.
The fact that domains and skyrmion lattices are only observed for film thickness above a critical thickness is consistent with earlier studies of films where K U < K d [41] [42] [43] [44] [45] . There are theoretical estimates for the critical thickness for the onset of weak stripe domains given by [Refs.
42, 44]:
where A is the exchange parameter. The predicted value for the thickness for the magnetization rotate from in plane to out of plane with stripe domains is given by [Refs. 29, 42, 45] :
In both cases the critical thickness scales as # $ % /+ , :/% . In Fig. 4d we plot this ratio as a function of temperature. We see this ratio increases with decreasing temperature reflecting the strong temperature dependence of the saturation magnetization. We also find that we experimentally The only material parameter in Eqs. (1) and (2) 
E. Micromagnetic modeling
To understand the mechanism stabilizing the skyrmion phase, we performed numerical as previously determined by resonant x-ray scattering from Fe/Gd films [48] .
When a magnetic field is applied perpendicular to the slab, the stripe domain with magnetization opposite to the field direction collapse into individual skyrmions (Fig. 5c-e) . As the magnetic field is increased further, the chiral textures arrange into a hexagonal lattice that exists from H dc = 1700 Oe to 2300 Oe (Figs. 5f, g, n-r). The typical skyrmion size is ~83 nm and the separation is given by ~128 nm at H dc = 1700 Oe. As the magnetic field is increased, the skyrmion size decreases to 53 nm at H dc = 2700 Oe. The skyrmion size, separation and field history are in good agreement with our experimental observation. For Figs. 5a , c-g and n-r we plot the m z component for magnetization which can be compared to the contrast in Fig. 3 .
For the skyrmions that form in Fig. 5 the domain walls are Bloch-like in the center of the film and we find a roughly 50% percent chance of the two helicities. This can be seen in Fig. 5g where We find that modest changes in either of these parameters leads to different equilibrium states. For instance, as K U is increased, the skyrmion lattice quickly becomes less correlated and the skyrmion size begins to vary. Increasing the exchange A, for any fixed K U except K U = 2x10 5 erg/cm 3 , results in a skyrmion arrangement that becomes more disordered. For a fixed M S , a close packing lattice of skyrmions is only achievable in a narrow region of both K U and A. Our modeling suggests a modest value of the exchange parameter is a critical parameter that determines the long-range order of skyrmions forming a lattice, and supports the existence of a weak exchange in these Gd-rich Fe/Gd films.
IV. Discussion
Using a combination of numerical simulations and experimental data, we have constructed a K U -M S phase map (for a fixed A = 5x10 -7 erg/cm) that illustrates the measured and calculated magnetic domains at zero-field and applied field values (Fig. 7b) . In the phase map, the Q-ratio is also plotted in the foreground with contour lines depicting variations in ; = + , /2"# $ % for domain states with Q < 1. The Q-ratio serves as a heuristic to estimate volume fraction distributions of perpendicular domains and Néel caps in these thick Fe/Gd films. We recall that when films exhibit a Q-ratio greater than 1, the domain morphology favors perpendicular domains with negligible Néel caps; likewise, as Q decreases below 1 the volume fraction of the Néel caps grows and the perpendicular domains occupy a lower volume fraction.
Inspecting the domain states when the anisotropy is very low (K U ≤ 2x10 5 erg/ cm 3 ) such that the thickness is below t 1 (Eq. 1) we find the magnetization is in-plane and as a result of the geometry of the slab, the system favors the formation of an in-plane vortex configuration. in addition, this region exists at Q-value ratios from 0.2 to 0.4 which suggests the overall domain structure of perpendicular domains and Néel caps is fairly comparable. As we move away from the skyrmion lattice region, the distance between the cylindrical textures increases until they become disordered.
In the foreground of Fig. 7b The Lorentz-TEM images ( Fig. 1 ) and numerical simulations (Fig. 5, 6 ) suggests the stabilization of these skyrmions is purely driven by competing dipolar and exchange energies and that no DMI is present in these films. The Lorentz-TEM images show two helicity textures with an equal population distribution in the skyrmion phase. If some DMI were present, then the system would likely favor the formation of a chiral domain compared to the other, as well as a Néel cap orientation over the other which is not the case here. The fact that we numerically observe the stabilization of the same 2-helicity skyrmions on a slab with no DMI supports this observation.
Given the nature of these skyrmions, these films could potentially also be designed to host antiskyrmions as recently theoretically predicted [58] . Unlike bubble domains which typically observed in materials with Q > 1 and exhibit strong PMA, our chiral cylindrical domains appear in a material parameter space where Q < 1 and the formation of perpendicular domains results from a thickness driven domain morphology rearrangement [41] [42] [43] [44] [45] .
In conclusion, we have demonstrated the existence of skyrmion lattice in shows a similar skyrmion phase that is shifted to lower temperatures. These magnetic phase maps are constructed using data from four different imaging techniques: resonant soft Xray scattering, Lorentz TEM and transmission X-ray microscopy (at room temperature only). The marker-lines detail the temperature and imaging technique used to scan the domain morphology. a box in (f, g) . At each depth, the perpendicular magnetization is represented by blue (-m z ) and red (+m z ) regions and the in-plane magnetization distribution (m x and m y ) is depicted by white arrows. The white arrows illustrate how the magnetization of the closure domains and Bloch-line arrange at different depths of the slab. (n-r) Detail the field evolution from an ordered skyrmions to disordered skyrmions. (Fig. 1c) . Last, the uniform magnetization domain is depicted by a flat diffraction image, where there is no evidence of magnetic contrast (Fig. 1d) .
B. Magnetic hysteresis and ferromagnetic resonance measurements.
Inspection magnetized stripe-like magnetic domain structure at room temperature [25, 27, 28, 37] (Fig. 2a, b ).
This agrees with our experimental observation of disordered stripe domains at zero-field. A textbook example of a stripe-domain hysteresis loop occurs in [Fe (0.36 nm)/Gd (0.4 nm)]x80 at room temperature ( Fig. 2a) which depicts a small hysteresis around the saturation field. This hysteresis is associated with the mechanism in which stripe domains form and collapse from cylindrical domains.
The field-dependent behavior of stripe domains is as follows: At zero field, the competition between long range dipolar and short range exchange interactions results in a meander of domains of equal domain size. When a perpendicular magnetic field is applied, the stripe with magnetization opposite will shrink and the other will grow. Eventually the extremities of the stripe domains shrinking will collapse into cylindrical domains, termed magnetic bubbles. At this point, these textures are randomly sparse throughout the film and they tend not to interact with each other due to dipolar field interactions. When the magnetic field is increased further, the bubble domain's diameter decreases until they collapse at a critical field, known as the collapse field, which occurs close to magnetic saturation. In the case the magnetic field is reduced from magnetic saturation, magnetic bubbles will form at pinning (defect) sites and will continue to grow as the field is reduced until reaching a nucleation field, another critical field, which is typically depicted by a sharp kink in the magnetization (Fig 2a) . At this field the bubbles are submitted to an elliptical instability [28] which results in the bubble domains branching out to elongated stripe-like domains.
By further decreasing the field, the thin film is filled with maze-like domains by means domain wall motion [25, 27, 28] . In overall, the domain morphology consists of alternating perpendicular magnetic domains with magnetization pointing along/opposite the direction of the magnetic field.
In overall, the stripe-to-bubble and bubble-to-stripe mechanism is described by the hysteresis around the nucleation field and this mechanism.
As the temperature is reduced, in Figure 2a Fig 3a) ; however, the magnetization never fully goes in-plane. The in-plane magnetic hysteresis is characteristic of thin films exhibiting stripe domains -they detail that the magnetization lies on both the perpendicular and along the plane of the thin film. If the [Fe (0.36 nm)/Gd (0.4 nm)]x80 had undergone an SRT of the magnetization, then we should expect the inplane loops to become square-like and have a negative switching field < = in this measurement geometry. As the temperature is reduced, the switching field < = decreases rapidly (Fig. 3b) Cape and Lehman [27] have calculated the magnetization curves for both the bubble-lattice array and the parallel-stripe array structures and show that both ground states can exhibit near identical magnetic hysteresis profiles. Among the differences, is the slope and shift of the nucleation and collapse critical fields. For instance, the nucleation field of the stripe phase is given by a sharp kink of the magnetization, as detailed previously; whereas, the bubble-lattice phase will 28 show a softer slope change in magnetization around the same nucleation field like that observed in [Fe (0.34nm) /Gd (0.41nm)]x120 (Fig 2c) . All in all, the magnetization curves provide a good macroscopic depiction of the domain morphologies present in the thin films detailed.
To determine required anisotropy at which skyrmions form, we performed ferromagnetic resonance measurements in fixed frequency mode while a perpendicular magnetic field is scanned.
By looking at the resonance resulting from the homogenous magnetization precession, known as the Kittel resonance, we can determine the effective magnetization of the specimen. All Fe/Gd films exhibit a positive effective magnetization 4πM eff which indicates they possess weak perpendicular magnetic anisotropy (Fig. 1d, e deviates between 40 repetitions and higher number of bilayer repetitions (Fig. 2f ). This suggests a microstructural change occurred during the deposition of the 40 repetition stack which resulted in a slightly different film; whereas, both 80 and 120 repetitions have very close effective magnetization values.
C. Small angle x-ray reflectivity
Small angle x-ray reflectivity (XRR) measurements were performed on the Fe/Gd films to determine accurately the thickness of the Fe/Gd multilayers and to resolve information regarding the bilayers (Fig. 3) . From the XRR data, we find two oscillating waves superimposed that correspond to the Fe/Gd multilayers (fast oscillations) and the Ta capping layer (slow oscillations).
By fitting the XRR data to the modified Bragg law, we find both films are thinner than the expected 
